Introduction
Anorexia nervosa (AN), a condition of profound undernutrition, is characterized by alterations in multiple neuroendocrine axes, and while these changes are primarily physiological and adaptive, many of these hormonal alterations also contribute to low bone density, a serious pathological consequence of this eating disorder. Based on DSM-IV criteria [1] , the diagnostic features for AN include weight loss, a failure to gain weight or maintain weight, an altered body image, a deep fear of gaining weight, and in women, amenorrhea for at least 3 months. The condition is prevalent amongst young women, and 0.2-4% of adolescent girls and college-aged women are reported to suffer from this devastating eating disorder [2] . This disorder can also occur in older women, and, undernutrition and its associated hormone abnormalities can exacerbate bone loss in the peri-and postmenopausal age group. Although less common, males can also develop AN, which often goes undiagnosed longer than in females with the disorder, and the impact on neuroendocrine axes and bone is much less well studied. In this review we will discuss the various neuroendocrine alterations in AN and the subsequent impact on bone.
Growth Hormone Insulin-Like Growth Factor-1 Axis
AN is associated with a nutritionally acquired resistance to growth hormone (GH) with decreased liver production of insulin-like growth factor-1 (IGF-1) and elevated GH levels [3] [4] [5] . Low levels of the GH-binding protein [6] indicate decreased expression of the GH receptor, which likely accounts for the state of GH resistance in the starved state. This resistance may also be mediated by fibroblast growth factor-21 (FGF21) [7] . FGF21 is a member of the FGF family, and is known to stimulate glucose uptake in adipocytes, and also increases energy expenditure and fat utilization [8, 9] . In addition, FGF21 transgenic mice have high GH but low IGF-1 levels, and FGF21 overexpression induces GH resistance by inhibiting STAT-5, a key transcription factor in the GH-signaling cascade [10] . We have demonstrated a positive association of elevated FGF21 levels with GH concentrations in adolescent girls with AN, and an inverse association with IGF-1, consistent with this animal model of GH resistance [7] .
IGF-1 levels vary with the degree of undernutrition, and correlate positively with body mass index (BMI) and fat mass [3] . GH levels are higher in girls and women with AN than in controls [3] [4] [5] , and these higher levels are consequent to (i) reduced feedback at the level of the pituitary and hypothalamus from low IGF-1 levels, and to (ii) higher levels of ghrelin, a GH secretagogue, compared to controls [11] . Basal, pulsatile and total GH secretion are increased in AN [3] [4] [5] ; the increase in pulsatile secretion is subsequent to increased pulse mass and duration with increased pulse frequency in adult women [5] , whereas increased pulse frequency alone has been reported in adolescents with AN [3] . GH suppression following an oral glucose load is impaired in girls with AN as compared to controls [12] , although whether this altered suppressibility is due entirely to GH dysregulation or in part related to high levels of endogenous GH secretion is unclear. There is also greater disorderliness of GH secretion in AN, as indicated by greater approximate entropy [3, 5] . An interesting question is whether this state of GH resistance in AN can be overcome with supraphysiological doses of GH. In a recent study, we randomized 19 women with AN to supraphysiological doses of recombinant human (rh) GH or placebo for a 3-month period, and found no significant increase in IGF-1 levels using GH doses up to 5-6 times adult physiological replacement [13] . These data are consistent with a block in IGF-1 secretion at the liver induced by starvation. In contrast, IGF-1 levels are known to increase with weight recovery to approximate levels in healthy adolescents of comparable age and maturity [14] . One study examined the impact of administration of the GH secretagogue, ghrelin, on GH and IGF-1 secretion in 5 young women with AN, and reported an increase in IGF-1 and decrease in GH levels in 1 woman [15] . However, the other women did not demonstrate these changes, suggestive of a resistance to ghrelin effects in AN.
Hypothalamo-Pituitary-Gonadal Axis
Hypothalamic amenorrhea is a characteristic feature of AN, and has been attributed to a state of severe energy deficit from restricted energy intake, increased energy expenditure or both. Women and adolescent girls with AN have lower levels of estradiol and testosterone than controls of comparable age [3, 14] . In one study in adolescent girls, 28% of girls with AN were premenarchal, compared with 11% of healthy adolescent girls in the same age range [16] . Similarly, lower levels of sex steroids have been reported in adolescent boys with AN compared with controls [17] . Additionally, gonadotropin secretion patterns have been studied in adult women with AN and indicate a reversal to an early pubertal state of nighttime entrainment of luteinizing hormone (LH) pulsatility or a prepubertal state of very low amplitude LH pulses, indicative of impaired gonadotropin-releasing hormone (GnRH) pulsatility [18] . Potential neuroendocrine links between the energy deficit state of AN and impaired GnRH pulsatility include reduced fat mass and alterations in hormones that are secreted or regulated by fat, such as leptin, ghrelin, peptide YY (PYY), adiponectin, cortisol, insulin and IGF-1. In one prospective study, all adolescent girls with AN who attained a fat mass of 24% or greater over the follow-up period resumed menstrual function, whereas those with a fat mass of 18% or less continued to be amenorrheic, with significant overlap of menstrual status in girls whose fat mass ranged between 18-24% [19] .
Ghrelin
Ghrelin is an orexigenic peptide that is secreted by the oxyntic cells of the stomach, and ghrelin levels reflect energy status. Levels typically peak before meals and nadir about 30 minutes following meals [20, 21] . This hormone is also a GH and adrenocorticotropic hormone (ACTH) secretagogue [22, 23] , and ghrelin administration inhibits gonadotropin pulsatility in animal and human models [24, 25] . Ghrelin levels are high in AN [26] , presumably an adaptive response to the low energy state, and levels correlate inversely with BMI and fat mass [11, 27] . Although patients with AN have been show to have a hyperresponsiveness to GH-releasing hormone (GHRH) administration compared to normal weight controls, their GH response to ghrelin administration is blunted. This is consistent with desensitization of the GH secretagogue (GHS) receptor [28] .
Increased levels of ghrelin are consequent to greater ghrelin pulse amplitude, and are positively associated with GH and cortisol in AN. Additionally, similar to GH, girls with AN demonstrate higher ghrelin levels following an oral glucose load than controls, although the absolute decrease in ghrelin following glucose administration does not differ between the groups [12] . The dependence of ghrelin elevations on body weight has been shown by Otto et al. [29] who demonstrated that women with AN and ghrelin elevations had normalization of ghrelin levels with weight restoration.
We have demonstrated inverse associations of ghrelin with LH and estradiol in girls with AN, consistent with animal data [11] .
Peptide YY PYY is an anorexigenic hormone that is secreted by the endocrine L cells of the distal gut, which produces its effects by binding to the Y2 receptor of neuropeptide Y (which is orexigenic) and decreasing neuropeptide Y secretion [30] . Levels of PYY are high in girls with AN compared with healthy adolescents of comparable maturity [31] , although the expected adaptive response would be a decrease in secretion of this anorexigenic peptide given the state of low energy intake. Levels of PYY in AN correlate inversely with fat intake and with BMI [31] ; however, a direct role of high PYY in mediating decreased food intake in AN appears unlikely. Interestingly, animal studies indicate that PYY impacts the hypothalamo-pituitary-gonadal axis at the level of the hypothalamus and the pituitary [32] , and in our studies, PYY was inversely associated with gonadotropin levels [31] .
Adiponectin
Adiponectin is an adipokine that is low in conditions of obesity, and low adiponectin levels predict higher insulin resistance [33] . Although one would expect high levels of adiponectin in AN, a condition of low insulin resistance, levels of adiponectin have been variably reported to be high, normal or low in AN compared with healthy controls [34] [35] [36] . Normal and low adiponectin levels have been attributed to low fat mass in AN, given that adiponectin is secreted by adipocytes, and in fact, after adjusting for fat mass, we did find higher adiponectin levels in adolescent girls with AN compared with healthy adolescents [35] . Additionally, adiponectin has been demonstrated to inhibit gonadotropin secretion from gonadotropes through an AMP-activated protein kinase-mediated mechanism [37] , and may be yet another contributor to the state of hypogonadotropic hypogonadism in AN.
Leptin
Leptin is an adipocytokine and a marker of energy status and fat mass [38] . Leptin is also important for normal reproductive function, and leptin-deficient mice and humans are hypogonadal [39] . The link between leptin and reproductive function has been demonstrated conclusively by studies that show that the hypogonadal state in women with hypothalamic amenorrhea is reversed following leptin replacement [40] . Leptin levels are markedly reduced in AN commensurate with reductions in fat mass, and decreases in leptin secretion are primarily a consequence of reduced leptin pulse amplitude [41, 42] . Weight recovery in AN is associated with a trend towards increases in leptin levels, and adolescent girls with AN who recover menses have greater increases in leptin from baseline than those who do not recover menses [19] . In adults with AN and comparable BMIs, preservation of gonadal function was seen in women with higher body fat. Patients with eumenorrhea had more body fat and higher serum leptin levels than their amenorrheic counterparts of similar weight. Decreased bone density at the spine was less severe in this group suggesting that higher fat mass and leptin levels may be important for preservation of normal menstrual function in such patients [43] .
Although it is tempting to speculate that increases in leptin above a specific threshold are necessary for resumption of menses, data available thus far argue against this [19] . Additionally, our studies have shown that changes in fat mass are a stronger predictor of menstrual recovery in adolescent girls with AN than are changes in leptin levels [19] . These data suggest that changes in fat mass are likely associated with changes in other neuroendocrine factors as well, and that changes in these factors, in addition to changes in leptin, may be important for normalization of GnRH pulsatility and for menstrual recovery. Low leptin levels in AN also have an impact on other hormones, and regression models have shown that low leptin levels in AN predict increased GH and cortisol secretion [42] .
Other Hormones IGF-1 and insulin impact the hypothalamo-pituitary-gonadal axis at multiple levels; levels of IGF-1 and insulin are significantly lower in girls with AN than in controls [35] and may contribute to the hypogonadal state.
Hypothalamo-Pituitary-Adrenal Axis
Marked alterations occur in the hypothalamo-pituitary-adrenal axis in AN. Serum and urinary cortisol levels are significantly higher than in controls [44, 45] , and correlate inversely with BMI and fat mass. An important determinant of cortisol concentrations in AN is the fasting glucose level [45] , and it is possible that cortisol, an important gluconeogenic hormone, increases in AN as a counterregulatory response to reduced food intake in order to maintain a state of euglycemia. In fact, in experimental animal models, glucose administration has been demonstrated to normalize the cortisol response to stress. Increased cortisol secretion in adolescents with AN is a consequence of an increased number of secretory bursts as well as a longer half-life [45] . High cortisol levels in AN are associated with low leptin and high ghrelin levels. Interestingly, cortisol levels are higher in girls with AN who are more likely to gain weight in subsequent months, and baseline cortisol levels in AN positively predict subsequent increases in fat mass and resumption of menses [19] . Similarly, in adults with AN, higher baseline cortisol levels predict greater subsequent increases in trunk fat [46] . Studies suggest that hypercortisolemia may have a deleterious impact on gonadotropin secretion [47] , and high cortisol levels in AN may thus also contribute to the associated state of hypogonadotropic hypogonadism. Adrenal androgens have been reported to be lower in women with AN in some [48] , but not all [49] , studies.
Hypothalamo-Pituitary-Thyroid Axis
Thyroid function tests in AN resemble those seen in the sick euthyroid state, and total triiodothyronine (T 3 ) levels, particularly, are associated closely with markers of nutritional status such as BMI and fat mass. In one study of adolescent girls with AN compared with controls, we observed no differences between the groups for TSH levels, while total T 3 and total thyroxine (T 4 ) levels were significantly lower in AN, and free T 4 trended lower [42] . Leptin administration has been shown to increase levels of thyroid hormones in women with hypothalamic amenorrhea [40] , and in AN, positive associations have been reported of leptin with total T 4 and T 3 levels in adults [50] and in adolescents [42] . Additionally, ghrelin has an inhibitory effect of secretion of thyroidstimulating hormone [51] , and studies indicate inverse associations of ghrelin with levels of thyroid hormones in AN [11] . These data suggest that low leptin and high ghrelin levels may contribute to lower thyroid hormone levels in AN.
Other Hormones
Prolactin levels are usually not altered in AN except as a consequence of associated medications including antipsychotics and some selective serotonin reuptake inhibitors (SSRIs).
Bone Metabolism

Bone Density and Markers of Bone Turnover
AN is a high-risk factor for low bone density, and reduced rates of bone mass accrual occur in adolescents, as well as loss of established bone mass in adults [16, 49, 52, 53] . More than 90% of adult women with AN are osteopenic, and almost 40% are osteoporotic at one or more sites as defined by a T-score of -2.5 or lower [54] . Of note, the T-score compares any individual's bone density to the mean bone density for young adults, whereas the Z-score compares the individual's bone density to the mean for age and gender. In adolescent girls, Z-scores of ! -1 are seen in more than 50% and Z-scores of ! -2 in about 10% compared with 25 and 2%, respectively, of controls [16] . In adult women, we have demonstrated that low bone density is associated with increased marrow fat, which is of interest given the emerging interest in the bone-fat connection [55] . While all sites (spine, hip, femoral neck and whole body) are affected in AN, the greatest deficits in bone mass and bone density are typically seen at the lumbar spine, which is primarily trabecular bone [16, 54, 56] . In children, a concern is that dual energy X-ray absorptiometry (DXA) measures of bone density can be affected by body size or pubertal delay, and this is of particular relevance in adolescents with AN where stunting of growth from poor nutrition and delayed or arrested puberty may lead to an erroneous and over-reporting of low bone density. However, height-adjusted measures of bone density (such a lumbar bone mineral apparent density and whole body bone mineral content adjusted for height) are also lower in girls with AN than in controls, and correcting for height in multivariate models continues to demonstrate significant deficits in bone mass and bone density in AN [57] . Although much less common, AN can affect males as well and we have reported marked reductions in bone density in adolescent boys with AN compared with controls, although in boys, areas of primarily cortical bone, such as the hip and femoral neck, appear to be affected more than sites of primarily trabecular bone [17] .
Adults with AN demonstrate an uncoupling of bone turnover, with a decrease in markers of bone formation, but an increase in markers of bone resorption [58] . This has been attributed to a loss of endogenous factors leading to abnormal bone formation and estrogen deficiency leading to an increase in bone resorption. Conversely, in adolescents with AN, there is a decrease in levels of markers of bone formation and resorption [3, 59] , indicating a low bone turnover state, which is in contrast to normal adolescence, a time of increased bone turnover from increased bone modeling.
The adolescent years are a time of marked increases in bone mass accrual towards the attainment of peak bone mass, an important determinant of bone health and fracture risk in later life, and the development of AN in the pubertal years raises significant concerns for not only an immediate increase in fracture risk, but also for future bone health. Our studies indicate a slight decrease in bone mass and DXA measures of bone density in girls with AN who persist at a low-weight state, compared with healthy adolescents, who have a continued increase in bone mass and DXA measures of bone density over a follow-up period [57] . As a consequence, Z-scores (which compare bone density to the mean for age and gender) continue to decrease in girls with AN over time. Of importance, adult women who develop AN in the adolescent years have lower measures of bone density than those who develop AN in adult life, even when the duration of amenorrhea is comparable, emphasizing the critical role for the pubertal years in attainment of peak bone mass [60] .
Bone Structure
In recent years, strong data have emerged to indicate that bone microarchitecture as assessed by computed tomography (CT) may be a better indicator of bone strength and fracture risk than DXA measures of bone density [ reviewed in 61, 62] . Use of high-resolution peripheral quantitative CT allows characterization of cortical and trabecular volumetric bone density, and also provides information regarding trabecular number, thickness and separation. In addition, finite element analysis from high-resolution peripheral quantitative CT provides measures of bone strength. Flat panel high-resolution volume CT is another imaging modality that allows assessment of trabecular structural parameters and bone trabecular volume. We have demonstrated using flat panel high-resolution volume CT that adolescent girls with AN have lower bone trabecular volume and trabecular thickness, and greater trabecular separation than healthy adolescent girls even in milder forms of AN when bone density measures do not differ between the groups [63] . Our studies [64] and those of Milos et al. [65] also indicate lower bone trabecular volume and trabecular number and greater trabecular separation in adult women with AN compared with controls. Milos et al. [65] have also reported lower cortical thickness in women with AN. More recently, we have demonstrated using finite element analysis that bone strength parameters are significantly reduced in women with AN compared with controls [66] .
Mechanisms Underlying Low Bone Density in AN
Many factors contribute to low bone density in AN. Important contributing factors include low BMI and lean body mass [16] . The pull of muscle on bone has anabolic effects through activation of osteocytes (the 'mechanostat'), and low BMI in AN is associated with reductions in both fat mass and lean mass, with consequent effects on bone. Lean mass is an important determinant of bone density at almost all sites in both genders, but particularly affects bone density at the hip and whole body. Another important determinant of low bone density in AN is the hypogonadal state. The duration of amenorrhea predicts the extent of bone loss in girls and women with AN [49] , and testosterone levels are a strong predictor of bone density in boys with AN [17] . In addition, changes in testosterone over time predict changes in bone turnover markers over the same duration in girls with AN [14] , and low testosterone levels predict lower bone density and structure in women with AN [64] . Some studies have implicated low levels of adrenal androgen precursors in the low bone density state seen in AN [48] . We found that both total and free testosterone, but not dehydroepiandrosterone sulfate, were markedly reduced in women with AN than in controls; the lowest levels were found in woman using oral contraceptives. There was a positive correlation between both total and free testoster-one levels as well dehydroepiandrosterone sulfate levels and bone density [67] .
Normal increases in GH and IGF-1 during puberty are critical for increases in bone formation in the pubertal years, and the acquired GH-resistant state in AN is another factor that contributes to low bone density in AN. Whereas GH levels correlate strongly with bone turnover markers in healthy adolescent girls, this association is completely lost in girls with AN, suggesting resistance to GH at the level of bone in addition to hepatic resistance to GH [3] .
Our recent studies indicate that administration of rhGH in supraphysiological doses (5-6 times adult replacement) is unable to cause an increase in markers of bone formation in women with AN, confirming the state of GH resistance [13] . Additionally, low IGF-1 levels are closely associated with low levels of bone formation markers and low bone density, and increases in IGF-1 levels with weight gain in AN predict increases in bone formation markers and in bone density [49, 59] . Studies in adult women with AN have shown that women treated for 9 months with rhIGF-1 had greater improvements in spine bone mass than a placebo group and that this effect was greatest in women receiving oral contraceptives in addition to rhIGF-1 [68] .
The higher cortisol levels in girls and women with AN compared with controls also predict lower bone density measures and lower levels of bone formation markers [45] , consistent with the known deleterious effects of cortisol on bone. Other hormonal alterations that contribute to low bone density and lower levels of bone formation markers include low levels of leptin and insulin, and high levels of PYY [31, 35] . In women with AN, mean overnight PYY levels correlated negatively with bone density at multiple skeletal sites, and at the spine PYY was a major determinant of bone density variability [69] .
Despite reduced caloric intake in AN, intake of calcium and vitamin D (primarily through supplements) is better in AN than in healthy women and girls, and calcium and vitamin D levels do not predict low bone density in AN [49, 59] .
Certain medications commonly used in AN have effects on bone that may be (i) indirect, and mediated via high prolactin levels and resultant suppressive effects on gonadotropin and gonadal hormone secretion (such as with atypical antipsychotics), or (ii) more direct, as with use of SSRIs. Our studies indicate that a longer duration of SSRI use is predictive of lower bone density in AN, even after controlling for age and duration of illness [70] .
Effect of Recovery of Weight and/or Menses on Bone Density
Weight and menses recovery are associated with some increase in bone density in adolescents with AN; however, the rate of bone mass accrual continues to lag behind that seen in healthy adolescents, and 'catch-up' is generally incomplete [57] . Bone turnover markers increase with weight recovery, and early increases in bone formation markers are predictive of subsequent increases in bone mass [59] . It is thus possible that sustained weight recovery will eventually lead to an increase in bone density in adolescent girls with AN. In adults with AN, weight increases are critical for increase in hip bone density, while resumption of menses appears to be critical for increases in lumbar spine bone density [56] .
Calcium and Vitamin D Supplements
Multiple studies have now shown that use of calcium and vitamin D supplements is not effective in increasing bone density in AN [49, 71] . However, recommendations are to optimize these supplements given that associated vitamin D deficiency can only further exacerbate the impaired state of bone metabolism in AN.
Replacement of Gonadal Steroids
Despite the significant impact of hypogonadism on bone density in AN, replacement with oral estrogen has not been demonstrated to be effective in increasing bone density in adult women and adolescent girls with AN in a number of studies primarily administering oral contraceptives [71] [72] [73] . The role of transdermal estrogen replacement, which unlike oral estrogen will not reduce IGF-1 levels, and the possible role of testosterone replacement in increasing bone density in AN are currently under investigation. Administration of adrenal steroids (dehydroepiandrosterone) was not effective in increasing bone density in AN in one study [48] . The impact of selective estrogen receptor modulators, such as raloxifene, on bone metabolism has not been examined in AN; however, one small uncontrolled study of 5 women with AN indicated that raloxifene may improve persistent depression (resistant to conventional antidepressants) in this condition [74] .
Replacement of IGF-1
Because IGF-1 deficiency and GH resistance are important determinants of low bone density in AN, we have examined the impact of IGF-1 replacement on bone turnover markers and bone density in adolescent girls and women with AN. We found significant increases in mark- 71 ers of bone formation following rhIGF-1 administration in women and girls with AN [58, 68, 75] , and an increase in bone density in adult women when rhIGF-1 was given with oral estrogen [68] . Because bone density will continue to decline in women with AN and persistent low weight, this has been the first intervention shown to prevent further bone loss and cause a gain in bone mass despite low weight compared to placebo.
Bisphosphonates
One double-blind randomized controlled trial of alendronate versus placebo in adolescents with AN showed no benefit to spine bone density and only minimal increases in femoral neck bone density (after controlling for weight changes) [76] . In contrast, a small study with a shorter (9-month) duration of risedronate administration indicated a 5% increase in bone density in adult women with AN while on risedronate [77] . Further randomized placebo-controlled trials are needed to determine the utility of bisphosphonates in treating low bone mass in women with AN.
Conclusion
AN is associated with adaptive changes in many neuroendocrine axes, which then have an impact on bone metabolism and contribute to low bone density. Currently, no approved effective therapy is available that reverses the state of low bone density in this condition. Weight gain to a point where menstrual function is restored and weight is within the normal range for height is to be strongly encouraged, and calcium and vitamin D supplementation should be optimized. Further trials are required to identify therapeutic strategies that will lead to a clinically significant increase in bone density in this condition.
